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Phosphoglucose isomerase p^jV-dcIclion mulants of Saccharomyces cerevt'siae cannoi grow on 
glucose as tht sule carbon source and arc even inhibited by glucose. These growih defects couJd be 
suppressed by an over-expression on a multi-copy plnsmid of the slrucrural gene GDH2 coding for 
the NAD-dcpendeni gluiamatc dchydroger.ase. CDH2 codes for a protein with 1092 amino acids 
which is located on chromosome XII and shows high sequence similiiriiy lo the Neurospora crassa 
NAD — glutamate dehydrogcna<;e. Suppression of the p^i) deletion by over-expression of GDH2 
was abolished in strains with m deletion of the glucose -6- phosphate dehydrogenase ^ ene ZWFl or 
£enc GDHl coding for the NADPH- dependent glutamate dehydrogenase. Nforeover, this suppres- 
sion required functional mitochondria. It is proposed that ihe growth defect of pgil deletion mulanis 
on glucose is due to a rapid deiplelion of NAD? which is needed as □ cofactor in the oxidative 
reactions of the pentose phosphate pathway. Over- expression of the NAD-dcpcndcnt glutamate de- 
hydrogenase leads :o a very efficient conversion of glutamate with NADH generation to 2-oxogluiar- 
atc which can be con\'crled back to glutamate by the NADPH-dependent glutamate dehydrogenase 
with the consumption of NADPH. Consequent])', over-expression of the NAD-dependent glutamate 
dehydrogenase causes a substrate cycling between 2-oxoglutaraic and glutamate which restores 
NAD? from NADPH through the coupled conversion of NAD to NADH which can be oxidised in 
the mitochondria. Furthennore, the requireinent for an increase in NADPH consumption for the 
suppression of the phosphoglucose isomerase defect could be met by addition of oxidizing agents 
which arc known to reduce the level of NADPH. 



Glycolysis plays a fundamental ro> in the degradation 
Df fermentable carbon sources in the yeast ^acchawmyces 
::€revisiae providing the cell with melabolic energy and inter- 
mediaies. Phosphoglucose isomerase is the second enzyme 
in the glycolytic pathway, inlercan verting glucose 6-phos- 
phiite and fructose 6-phosphatc. Maitra (1971) was the first 
:o obtain mutants of the strixlural gene PCH and found that 
They could not grow on glucose. Aguilera (1^86) confinned 
:his foT a deletion mutant with no residual activit)'. This was 
an unexpected result because Ihe direct oxidation of glucose 
6- phosphite via the pentose phosphate pathway should allow 
to .supply yeast cells with sufficient energy and intermediate 
metabolites to support at least slow grtiwth. Phosphoglucose- 
:.^omerdSc-lacking mutants of Kluyveromycfi,^ lacrix (Goffrini 

Correspnttdence to F. K. Zimmermann. Institui far Mikro- 
biologic, Tcchiiische Hochschule Dannstadi, Schnittspahnstr. 10. 
DarniitadL, Germany 
Fax: ^49 6151 164808. 

Abbreviations. Glc6PDH, glucose-6-plio>;ph,itc dehydrogenase; 
\AD-GluDH and NADPH-GItDH, NAD- and NADPM-dependeni 
gluiajn&te dehydrogenase; PCR. polymerase chain reaction; GRP. 
open reading frame. 

Enzymes. Phosphoglucose isomcnsc (EC 5.3.1.9). gluco.sc-e- 
phosphHte dehydrogenase (EC 1.1.1.49); NADPH-dcpendcni gluta- 
maie dehydrogcrasc (tC 1.4.1.4); KAD-depcndent glutamate dehy- 
drogenase (EC 1.4.1.2). 

Noie. The nucleoiide sequence of the CDH2 gene pubh'shed here 
ha^ been depoiitcd wiih the EMBL/GciiBank sequence data hank 
and is available under the accession nunihcr X72015. 



ct al., 1991) and also of Escherichia coli (\'inopal ct al,, 
!97.*i) can still grow on glucose. 

On the other hand, phosphoglucose i.somerase deletion 
mutants of 5. cerevl%ide cannot grow^ on a pure fructose me- 
dium hecause the phosphoglucose isomerase reaction is the 
only step catalysing the intcrcon version of fructose 6- phos- 
phate to glucose 6-phosphaie which is an essentia] metabolite 
(Aguilera, 1986; Boles ei al.. 1993). pgil muiants can grow 
on media containing fructose and not more than 0.2% glu- 
cose, higher gluco.ie concentrations inhibit growth (Maitra, 
1971 ; Ciriacy and Breitenbach, 1979; Aguilera, 1986). Mai- 
tra (1971) assumed that growth inhibition resulLs from an 
accumulalinn of loxic cnnccntrations of glucoie 6'pho.'iphalc. 
Ciriacy and Breitenbach (I979j suggested that ATP depletion 
is tl»c cause for the glucose sensitivity. 

Aguilera (1987) selected pgil suppressor mutants restor- 
ing growth on synthetic media with 2% glucose as the sole 
carbon source. Recently. Gamo ct al. (1993) isolated pgil 
suppressor mutants insensitive to glucose inhibition by selec- 
tion on JBedia containing 2% fructose and 2% glucose. Sup- 
pression of the pgi) defect depended on a functional respira- 
tory system. In both cases, the suppressor mutations were 
interpreted to allow S. cerryisiae pgil mutant strains to en- 
harce glucose catabolism through the pcnto.sc pho.sphalc 
pathway and a complete respiratory breakdown. However, 
the actual functions of the supprcs.sor genes were not iden- 
tified. 
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Wc prepared a yeast genomic library frt>iTi a pgil delcUon 
mutuni (Boles and Zimmermann. 1993a) in the muUi-copy 
vector YEplaclSl (Gietz and Sugino, 1988). tionsfonned it 
back into the deletion mutant and tested the transformanui 
for gro\^'th on a mineral salis/glucose medium. One of the 
glucose-positive trajisfomianls carried the structural gene 
CDH2 coding for the NAD- dependent glulamatc dehydroge- 
nase. Further investigations showed that this over-expression 
creates a cyclic transhydrogcnasc system between the 
NADPH- and the NAD-dependent gluiamaie dehydroge- 
nases, convening NADPH to NADH and replenishing the 
pool of NADP which is required for the oxidative reactions 
of the pentose phosphate pathv^ay. 



MATERIAI S AND METHODS 

Yeast iftrains and growth conditions 

The isogenic wild-type strains ENY, WA-IA iMATa, 
ura3-52. l€u2-3J 12, trpl'2H9, his3-drh(il, MAU-iT, MAL3 
SVC3) and ENY WA-IB {MATa, ura3-52, Ieu2-3JJ2 trp/- 
289, HIS3, MAL2-^\ MAU, SUC3) were k:ndly provided by 
K. p. Entian (University of Frankfurl). AH mutants used 
in this work were derived from these strains unless other- 
wise stated. Saains EBY23 (pgi ! /\ : : URA3) and EBY8 
{JbaiA: :URA3) were described by Boles and Zimmermann 
(1993a). EBY812 {pjkl A: :LEU2A, p/k2::URA3) by Boles 
et al. (1993) and EBY88 UpiiA::HIS3), EBY71 
{pgklA::LEU2), EBY66 {gpmlj : :LEU2X EBY55 
{pybJ A : :LEU2) by Boles and Zimmermann (1993b). Strain 
EBY UTL-23 (pgilA. . URA3) was derived from strain UTL- 
7 A (MATa, lcu2 3Ji2. ura3'52, trpl) (Coromjtias et al., 
1992). Yeast cells were grown at 28=*C in yeasi/pcptone me- 
dia (1% yeast extract, 2% bactopeplone). in synthetic mini- 
mal media (0.17%. Difco yeast nitrogen base, 0.5% 
{NH.),SO,, 10 mM KI^PO,. pH 6.2, supplemented for auxo- 
trophic demand.s] or synthetic complete media with different 
carbon sources (Boles and Ziirmiennanji, 199.1a. h). 

Molecular biology techniques 

DNA was prepared and manipulated according to the 
procedure:* described in Sambrook el al. (1989). Yeast-spc- 
cific techniques were dciJcribed by Guthrie and Fink (1991). 
pUClS. pUC19 (Yanisch-Pcrror et al., 1985). pBluescripi IT 
SK+ (Slralagene GmbH) and the plasmids YEplacl8l. 
YEphiul 12 and YEpIacl9.^ from the series of Giciz and Su- 
gino (1988) served as vectors. Escherichia coli strains JMlOl 
and SURE (Siratagcne GmbH) were used for the propagation 
of plasnnids. Plasrriids were iransfomied into yeast according 
to SchieMl and Gietz (1989) and re-isolated from yea.st a.*; 
previously described by Boles and Zimmermann (1993a). 

Construction of a genomic gene library 

Yea.";! chromosomal DNA was prepared From strain 
EBY23 (pgil A) according to Ciriacy and Williamson (1981). 
Chromo.somal DNA (1(X)pg) was partially digested with 3 
umts of restriction enzyme Sau3A for 1 min at 37 =C. DNA 
restriction fragments were clecirophoresed in an agarose gel 
and fragments with a size between 4.5 and lOkb were iso- 
lated from the gel. Isolated DSA fragments (9 ^ig) were li- 
gated with 1 Mg SamHI-digcsted vector YEplaclSl which 
fo dephosphoo'lated using calf inlestinal phosphatase 

(Bochringer, Maonheimj. The ligation reaction wa.s trans- 



formed into E, tcj/i strain SURE cells which were plated onto 
selective media with ampicillin, isopropyl -thiogalactoside 
and 5-bromo-4-chloro-3-indolyI-/?-D-galaclopyranoside to al- 
low blue white screening. There were 5000 white among a 
total of IJOUO colonics which were washed from the plates 
and plasinids prepared using chiee Qiagen lipl 00 resins (Dia- 
gen GmbH). 

Chromosome mapping 

Gel blots with chromosome- size DNAs of 5. cerevisiae 
strain FY23/6 separated in a pulscd-field gel weit obtained 
from Btxfhringer (Mannheim). 



DNA sequencing 

Double- stranded templates were sequenced by the di- 
deoxynjcleoiide chain-terminating method (Sanger et al., 
1977) u.sing the Pharmacia T7 sequencing kit. To obtain 
overlapping se<;uencing priming sites throughout the whole 
sequence of the inseil of YEpMSP.^, the trans pos on-based 
DNA sequencing strategy described by Strathniar.n et al. 
(1991) was employed using the TNI 000 kit obtained from 
Angewandtc Gentechnologie Systsme GmbH. The sequence 
of the complete 4.8-kb insert of YEpMSP3 was determined 
for both strands. The DNASIS/PROSIS program (Pharmacia) 
was used for OKA and protein analysis. Sequence compari- 
sons were made by using CD-ROM and the HIBIO^^gene/ 
protein sequence database (Hitachi). 

Cloning of the URE2 gene 

The URE2 gene was cloned by the polymcra.?e chain re- 
action (PGR; Saiki et al.. 1985) using a pair of primers 
(Roth) designed to PCR -amplify a DNA fragment enclosing 
pan of the coding region of the URE2 gene. One oligonucle- 
otide (5'-AACAATAACAGCGGCCG-3') is located at posi- 
tion 359-375 of the published sequence (Coschigano and 
Magasanik, 1991) just up.stream of a A^c/I restriction site. The 
second ohgonucleotide (5'-AT<X:GAATT(rrATCCACGAC- 
ATT-3') is located at position 1155-1133. It contains a single 
G->C base exchange at the fifth position as compared to the 
published sequence to create an EcoRI restriction site. PCR 
with Taq polymerase (Boehringer. Mannheim) with this oli- 
gonucleotide pair as primers and chromosomal DNA of 
strain ENY. WA-lA as template yielded a 0.8-kb fragment 
containing part of the coding region of VRE2. The fragment 
was then digested with EcoKl and iVorl and cloned into the 
pBlucscripl II SK+ vector, resulting in plasmid pURE2. 

Construction of plasmids 

YEpMSP3.T; a 4.8-kb S.u\~Xbtil DNA fragment of 
pla.smid YEpMSP3 containing the complete insert was re- 
cloned into vector YEplacll2. 

YEpmsp3-B: a 2.9-kb Bam\W-Sph\ DNA fragment 
containing only the first 2948 hp of the insert of plasmid 
YEpMSP3 wa-s subcloned into YEplaclSl. 

YEpmsp3-X: a 3.9-kb Xho\-Ssil fragment containing 
the last 3931 bp of the insert of plasmid YEpMSP3 was sub- 
cloned into YEplaclSl. 

YEpGDHl-U: a 2.4-kb Psa-Clal fragment of plasmid 
pYCI (Moye et al., 1985) containing the complete GOHI 
gene was subcloned into YEplacl95. 
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pURE2deI {urelA : :LEU2): the 0.3-kb Sphl-Scol frag- 
ment of pJasmid pURE2 containing part of Ihe URE2 coding 
region from +392 bp to +670 bp according lo the published 
sequence (Coschigano and Magasanik, 1991) was replaced 
by a 2.5-kb Sph\~SmaI fragment with the LEU2 gene origi- 
nally cloned into pUClS. 

pGDHldcI (^dhU::URA3): a 5.4-kb Bc2mH\-Cia\ 
fragment of plasmid pYCl (Moye et al., 1985) containing 
the GDHl gene was subcloned into p Blue script 11 SK-+.. re- 
sulling in pGDHl. A 1.0-kb liirnSIl\-Slu\ fragment of 
pGDHl containing most parts of the GDHl coding region 
from +23 bp to +976 bp according to the published se- 
quences (Moye et al., 1985; Nagasu and Hall, 19S5) was 
replaced by a 1.1 -kb MindlW-Smai fragment with the URA3 
gene of plasmid YEp24 (Botstciii et al., 1979). 



Construction of deletion straias 

The deletion miitanls were constructed following the one- 
srep gene replacement procedure of Roih.vtcin (1983). The 
deletion plasTnids caixied difrerent selectable markers which 
allowed us lo construct multiple deletions in the same recipi- 
ent yeast strain. pEB22 (pgilA : :TRPJ) (Boles et al., 1993) 
was digested with BamWl and Sad and transformed into the 
liaploid strain ENY. WA-IB selecting for tryptophan protot- 
Tophy on a 1% fructose and 0.1 % glucose medium, resulting 
in strain EBY22 (pf^ij^ : .TRPJ). The deletion playmid 
pMl9-7 UivfIJr:URA3) of Thomas et al. (1991), which con- 
tains most parts of the open reading frame of the ZWFI gent 
replaced by ihe UHA3 gene, was cut by Hindi J\ and BamHi 
and used to transform strain EBY22 to uracil prototrophy on 
a 2% fructose and 0.05% glucose medium, resulting in strain 
EBY228 (pgiU::TRP}, z^-Jid : :U]i,\3\ pURE2del {ure2A~ 
::l,EV2) was digested with Not\ and EcoR\ (pariially) and 
transformed into strain EBY22 selecting for leucine prtjtotro- 
phy oil a 1% fnictose and 0.05% glucose medium, resulting 
in strain EBY229 (pfiilJ : :TliP I , un^2J : :LEU2). pGDHldel 
{gdhld: :URA3) was digested with Px uVi and Clal and used 
Lo translomi the haploid wild-type strain ^IsY. WA-lA 
to uracil prototrophy, resuUing in strain EBY99 
(gdhl/J::URA3). Strain EBY99 was then crossed with strain 
EBY22 and leirad analysis was performed, resulting in strain 
EBY227 (pgUJ.'.TRPJ, gdh}d::URA3) which did grow on 
a 2% fructose and 0.05% gtuco.se medium. Deletion mutants 
were confirmed by Southern blot analy.sis, enzyme activity 
as.say and their grtiwth properties. 



Enzjtne assays 

Crude extracts were prepared using glass beads for break- 
ing the cells as described by Ciriacy and Brcilenbach (1979). 
Phosphoglucose isomerase activity was measured according 
to Mitiira and Lnbo (1971) and glucosc-6-phosphale dehy- 
drogenase (GIc6PDH) activity according to Kuby and Noli- 
Tnan (1966). NADPH-spccific glutamale dehydrogenase 
(NADPH-GluDH) and NAD-specific glutamatc dehydroge- 
nase (NAD-GluDH) activities were assayed by using the 
methods of Doherty (1970) and Gorman and Inamdar (1970). 
respectively, except that both ejizyme activities were assayed 
in 50 inM imidazole pH 7.5, containing lOmM MgCU, 
100 mM KCl and 0.1 mM EDTA. Protein was determined as 
described by Zamcnhof (1957) using bovine senim albumin 
as a standard. 




VEpmsp3-a M 



VEpmapa-XH 



1 ld> 



Fig. 1. Reslrictlou map of YEpMSP3 and derivatiTes and the 
seqaendng strategy. The boxes indicate yeast sequences and the 
Imcs indicaie YEplsclSI vcLtor sequences. The black btix indicates 
the open rcadiJig frame of GDHl. Suppression results for the dele- 
tion derivatives of YEpMSP3 are indicated at the right side: (+). 
suppression posilive; (-) suppression negative. Little arrows mark 
ihe direction and length of the sequencing reactions. Abbreviations: 
B. SomHT; P. PstV, R, EcoRX; S. San; X, Xho\\ MCS. multiple 
cloning site. 



Determination of metabolites 

Preparation of metabolite extracts was performed essen- 
tially as described by Boles and Zimmermann (1993a) and 
Boles et al. (1993). Metabolite concentrations were deter- 
mined according to Bcrgmeyer (1974). 



RESULTS 

Isolation of multi-copy suppressors 

A genomic library in the 2M-based rauhi-copy plasmid 
YEplac 181 (Gietz and Sugino, 1988) was prepared from a 
partial Sau^A digest of DN A of pgH deletion strain EBY23 
(Boles and Zimmermann, 1993a) and transformed into this 
strain. Transformetl cells were first plated on a leucinc-free 
medium to select for plasmid uptake and supplemented with 
2% fructose and 0.1 % glucose to allow all transformanls to 
grow. More than 6000 transformant colonies grew up within 
four days at 28 "C and were replicated onto the ifame basic 
medium supplemented with 0.1% glucose as the only carbon 
source. The replicas of 37 colonies had grown within two 
weeks. Three of these transformants lost the ability lo grow 
on a medium with 0.1'%; glucose after 10—15 cell divisions 
on a nonselective yeast/peptone medium with 2% fructose 
and 0.1% glucose. This indicated that growth on glucose as 
the sole carbon source was due to the presence of a multi- 
copy plasmid-borne suppressor gene. Tlic plasmid in the fast- 
est growing Cransfomiant was called YEpMSP3 (for multi- 
copy suppres.^or of pgil mutants to grow on glucose). 

Characterization of YEpMSP3 

Plasmid DNA was isolated from transfom^ant MSP3 and 
characterized by restriction enz>'me analysis (Rg. 1). The 
complete 4.g-kb insert of YEpMSP3 was rocloned into vector 
YEplacI12 (Gietz and Sugino, 1988) with a tryptophan 
mai-ker to allow for selection of the plasmid in different tryp- 
tophan auxotrophic strains. The resulting plasmid YEpM- 
SP3-T was transformed into other glycolysis mutant strains 
with deletions in the genes coding for pyruvate kinase 
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i CATCWCAAATAGAAACCTCTCWiCTTCTCCGCCCCCCAACCCCAXXTCACCCATOCCT ?4fi 1 TTC\ATTCaaGAAC^JTT«T'jGXT-JkCAJi"r*TCJU»Trcfirt"j^-T»t-rr*r-/-»trtr-JUL» 
*l TCOAAT*ATAAAe*AACCTJ«TCACIlTAC^rACAAACRT«AICWlOCATXCCCCC»C*T L K S K N V ^r'p^V'^i^" Y*^©'^" 

m TCCCCCCCTCCArCACCCAXCCT**CT«:WU:**T»M:jmT<:TCX«r:TOCCCATXTCCT 2511 J^TWiCCATATTCCACACCCTCCCTCTXWWSTCTCATCTTATTCIUlCCCACCATTMTA 
IKl CCACCT-rTTACTrACCCAACTXATACTTACACCACTCTAACC*T*r.eTACATATACCTCA NXOIPECCSrCV I L L H P O L V 

?41 AAATACGACTATATCTKATCTAATCTCTCATTT&TrTATrTATTTACCCTCCGAAAArCA CAACATGACCACACATTTCrcccCT?T7C3CIUvrATC«:CATCCAATCATTGACATTCTA 
301 A(rrccCCTTCAAAA(MCTTACCCATCTCCCCCC:7ATGTCTGCGeCGATTCCXW;ACCAC00 t f„.!™»,?^.2«r VAF5QYVDAKTD IL 

361 XXrrrAATACWe«OACMcaTCCCACAACAACCAaCAATTGCC0TAAAAXfAe»CATT ^TCAAMATCrATTAAACCAAAACTATGrCAACCTTTO 

6G1 AA AO AA TAAAO AATCCTTTTyft^ T A*r-1 > fcl^.^-gn-r^.-^^-^- ■ ^'^rr rTCMl TACA ^ J^'CCATCAOGAATATCCTATGAMTCTCTCCCTCTTCCTCCTT^ 

721 CCACATArrCCT7CTT^ATC»ArATCATCCATCTCCOACTATCAt«rGTTT<SATriTCCC S'^"7TAA*<7TCACAAATrCTACT^TrrACAAATTCCA>ACTCC7CCTCOCCATWT 

7DrAS»5I5eHSDYHVrDrV ^TLHlTNSTVyxFQTOepDO 

7« J CCTAACCACCTCCACACACAGCAACTCATACATTTCCrACATCACCAACCfiTrrATTCCC "* ^ g*^p<=g<="«**«*'^-TpTTTATCTTa:CCAAACttAATCTTATn-CfiCAATTCTC 

841 gACCATTTCATCCAACAACAAGTACATTGOTTTTATMCTCATOCCTAlTC^ g*«CTTCACCTCrcCTCroTCATCCTJ^CCTpACATJU^ 

901 TTCTTCTTCACACAATCTCCCCAATTAATrrCCAATATCATACATTCITTCTATCCTTCA ^'''^ S'=^"~S*^«CAAXArCAWTCCCATTTCOA<:A<rTTCCAAATTATCAAACAACCCATTT 

96 I g^'^^T ACATTTCTTTCCC AACTCC^TTCAACeCAATTCACC^ ^ " 1 frTCTTTCTCTCCATCCAATCgATATCATttCTACCAjaTCC 



lO.l WOuaCAAAATrATAAOTWrCATAATTATO^^^^ ?^TT^S*=^^$^g*^"S'*?"rT*r-e'^"S*^e'^g*'=?" 
lOBl ACCATAAGOCATTCTCACCAAAAAAAeTTfAAATT-PC(rp»aT(!i(-e<-i^rTfr-iT,...»»>^«- 3241 rTTCTTCCATC<X;CTCCTACACCAAACTCAATTACTCTAA*.T'AATf^»r'i'l-rk'M'T»r._»* 




;«1 T^CTlCTATtfACACTOCTTTAATCTTAACCATCATC^^ _ . 

^ * f'lrl-ESrtiVRDDDI IZP2V ^**-Pw"VL«KTPtsyLJ(.VLL 

16BI TATTTCAACCAOMCCACCAApcCAAMTWCTACnCACOAM ^ S^'^CTTArpATCAAGCACtrrrCTrTACCACAACCCTATCSATirrrAACArTCCAJ^ 

nil AA*g*«aTTCXAAGACAAOCTTCATTCCT»TACCCTATCCCAAACAATTCTTTCCAM^^ TTCTTCCAATTTATTMtCCGWAAAAAOACAfcCCCCACCCAACTCCTTCACCTTC^^ 

1801 e^^CrKftAaAOGTCAATTCTOCrerwCAACrrATATATCCTCATATTCCTCCTATA '^rTCTrrTOTATAAArTACrrcTCCOCTCAOAAAAOAAAATTAAACATATCTCTATGT 

1981 gOAMTOAAACCTTAACTCACCAAACTATTAT^CATCATCTCCMeCATTACACTATA ^^CCMCAWTCACTrTCAAATAAGACTCTAAAOCAArTACCACAACTACTAAAOCA 

?-J!„„f.>.L-^ TQQTIIKrKSIta AAC^TACACCCrCCAAOATCAACTAACrCAATCTAtACCCCTA-eAACTATCCcATTCAA 

3341 JTTTCCWepjTATAAAAATjrrcCTCykAATICACTATTATCATAATXCTACT °'^"<=OCAAGAACCTCAATTTOlTCCCCTAACCCAATC77CCTTCCTCWlAACTAAA(rT 

21Q1 ^-^.r^z-i^i-^i^^™'. * eiHrVHHSTFD *"*«*'-W*CTXrtACACArArrcccACTTACAMCACCTACTrATArJ-AA^ 

2101 *^A=AA<:A«.TXTCTTTTCAXACACT0CAAJU^GTCC^^ 4SC1 AICrCAAAAGATCACCCATTATCWCTTCOTCCACGAAATATrSLlTCiJSSS 

21«1 CACTTO:AAGCTTACrrTCAATAAATTeAtT«CA]UTCATTCAJ™A-rTc!^^ 1A\ ^^Jifrf ^*^"'^^*'''^"*«>^«"'*TOaATTOTTTC^^ 

C F 1 A Y t N ;f«^™TTCCAAATCATTCACCTeA.TTCTTOATCCTC 4«M ACCCACACAAACTCCCCTAAATCCACAArrcCAOTCATACCAArATATOcrrCAATATAT 

*AAACACT«AACATCTTC)^CAAC7CTATTTT0AAC J"} CCACCJ^TCTATAAICA^^ 

,10, - HIF HKS ILXTKFFITRK ^AATOTTcrrGCCTMTTCCATTCACATCCrCGTTAOCACTCTtCCTTAACTAATATACA 

2J81 CTACCAATATCATTCAGATTACATCCTTCCCTCCTGATCACAAAATTCCAATATCCACAC TATCCAAACCCAOOATTTOAACCAGACATTCCAAOATC 

J ^'^t^LDFSLVHTKFEYP E 
2)41 ACACCCTATgCTATATTirrTCTCCTtCCl^TACTTTCAAACW 

240 1 ACAG ATATCCCAACCGGOCCTATT«TATACtCTC?TCCACflAATCAMArATTTATGA^ 



(EBY55), phosphoglyceratc mutase <EBY66). phosphoglyc- 
eraie kina«; (HBY7I), rriosephosphate isomcrasc (EBY88) 
fnicto« bisphosphate aldolase (EBY8) or phosphofmctoki- 
^^^^ (^oYH12) tthich cannot ^row on a glucose medium 
(Clifton et al., 1978; Ciriacy and Breitenbach. 1D79; Boles 
and Zimmemiann. 1993b). However, the ability to grow on 
glucose was only restored in the pgi] deleuon strains EBY23 
and EBY. UTL-23. 

The nucleotide sequence of the complete 4.8-kb ON A 
msen was detennined by sequencing of both sirands fFigs 1, 
2) A single complete and open reading frame from position 
673 bp to 3948 bp of the inycrl was identified wiih a pre- 
dieted coding capacity of 1092 amino acids of a protein of 
124kDa with a codon bias of 0.21 (Bennetzen and Hall. 
1982). Suppression of the pgU deletion is due to the open 
reading frame (ORF) and not to adjacent sequences, because 
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deletions extending into the ORF from either direction abol- 
ished pj^il suppression (Hg. 1). 

The nucleotide and the predicted protein sequence were 
compared to the databases. The DNA sequence from 2689 bp 
to 3607 bp still within the open reading frame wa.s found to 
have abtjui 60% similarity to a partial cDNA sequence of the 
Neurospora crassa NAD- specific glutamate dehydrogena.w 
(GIuDH) (Vierula and Kapoor, 19S9), Also, at the amino acid 
sequence level a significant similarity was found to the 1026- 
ami no-acid sequence of the A^. crasxa NAD-GluDH (Austen 
et al.. 1977; Haberland and Smith, 1980) (31% idcmitv in 
the amino-terminal and 54% identity in the caiboxy-ccmiiiial 
half of the proteins). On the other hand, the CDH2 gene of 
S. cerevisiae coding for the NAD-GluDH had been cloned 
and mapped by resiriciion enzyme analysis (Miller and Ma- 
gasanik, 1990). The restriction enzyme panerns identified an 
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Table 1- Enzyme activities of NAD- and NADPH-dependent glu- 
tomaU dehydrogenases hi difTerent strains after growlh on syn- 
thelic complete media (without leucine or uracil) with ammoni* 
as a source of nitrogen, and 1% fructose and 0.1 % glucose as the 
carbon sources. - wiid-iypc (ENY. WA-IB) ; pgild^ EBY22: 
pgi'U ute''4= F.BY229; YEplacl SI and YEplacl95 - cloning vec- 
tors- YEpMSP3 = YEplactRl with GDH2\ YEpGDHl - pCYG4 
of N^igasu and Hall (1985) {YEpl3 wiih GDBiy. YEpGDHl-U = 
YEpIacl95 with COHJ of Moyc ci al. (1985). 



Strain 



Specific aciivicy of 



NAD-GliiDII 



NADPH-GluDH 



WT YFplaclSl 
Pf^ilA YHpIaclSl 
pgiU YEpMSPS 
pgilA YEpGTiHX 
pgild urelA YEplacl95 
pgilA ure2J YFpGDHl-U 



mU/jnff protein 

9.8 

17.2 
4468.0 

19.6 
340.1 
289.2 



236.1 
271.2 
306.0 
3099.0 
155.7 
670.2 



Charactcruation of the transformants 

The pgil deletion strain EBY22 with plasmid YEpMSPB 
(with GDH2) showed a 260- fold over-expression of NAD- 
GIuDH (Tabic 1) as compared to strain EBY22 with plasmid 
YEplacl 81 (without the CDU2 gene). 

The pgil deletion strain transformed with YEpMSP3 
grew on complex ycasL/pcptone and the nuneral salts syn- 
thetic complete and syniheilc minimal media supplemented 
with 0.1% glucose (Fig. 3). 1% gluco.se, and 1% fructose in 
combination with 2% glucose. Doubling limes in a liquid 
mineral salts synthetic minimal medium supplemented with 
0.1% glucose were 2.5 h for wild type and 6 — lOh for the 
transformed pgil dclelion strain; however, no phosphoglu- 
cose isomcrase activity wiis detectable in crude extracts, nor 
did transformanl strains grow on a mineral salts medium with 
only fructose . 

The respiratoi-y inhibitor antimycin A bloclced the growth 
of the YEpMSP3 iiansfonnanls on glucose-containing me- 
dia. Therefore, .suppressor activity depended on a functional 
respiratory system as already noted for the chromosomal sup- 
pressor mutant? of Aguilera (1987) and Gamo el al. (1993). 



overlap between the GDH2 gene and the DNA insert of 
YEpMSP3 which covers the complete ORR Miller and Ma- 
gasanik (1991) reponed the sequence of 1300 bp of the 5' 
upstream regulatory region and 239 bp of the coding region 
of GDH2. The last pari of this sequence overlap.*; with the 
first 911 bp of the DNA insert of YEpMSP3 and .vhows 
99.0% identity unequivocally identifying ihe siippres.sing 
gene as the GDH2 gene of 5. cerevisiae. Southern blot analy- 
sis conf.rmed that the complete insert of YEpMSP3 is an 
authentic fragment of yeast DNA and no rearrangements had 
occurred during cloning of the yeast gene or subsequcnl 
propagation of the plasmid (data not shown). Wc mapped the 
GDH2 gene by genomic Southern blot of yea.st chiomosonics 
separated by pulse-field electrophoresis. A probe containing 
the complete 4.8-kb insert of YEpMSP3 cloned into the 
pBluescript 11 SK-*- vector hybridized strongly only to chro- 
mosome number XII (data not shown). 



Proposal of a model for suppression of pgil 

The physiological properties of the pgtl deletion strain 
with the GL>H2 over-expressed on a mulli-copy vector can 
be explained by the following mode) (Fig. 4). In the first 
moments afLer addition of glucose to pgil deletion cells, glu- 
cose is oxidativcly degraded to ribulose S-phosphate with the 
concomitant reduction of NADP to NADPH in the inactions 
catalyzed by glucose-6-P and 6-phosphogluconate dehydro- 
genases. This causes a rapid decrease in the level of -NADP 
which cannot be regenerated from NADPH rapidly enough 
SO that glucose 6-phosphate can no longer be degraded. Over- 
expression of the catabolic NAD-GluDH causes an elevated 
oxidative deamination of gluiamate to 2-oxoglutarate with a 
simultaneous reduction of NAD to NADH. Normally, pgil 
mutant cells exhibit very low NAD-GluDH levels in a glu- 
cose/ammonia medium (Table 1). Reductive amination of 2- 
oxoglutaiate to gluiamate by the NADPH-GluDH generates 




Fig. 3. Growlh properties of differeut mutanC strains. Cell.-; were streaked oui on syrithctic «»";Plfj.*f -""f^jV (^) or 7 days (B). 
glucose as the carbon source and larking leucine (A) or uracil (B). Agar pUtcs were '^^''^^'''^ fJS^y^^^^^ = EBY229. 

Strains:\\T - wild-iypc EKY. V/A-1B;psiJJ = mY21', pgtJ/i /gdhJJ = Efi\217 pgiJJ /rn^TJ -^^°J|g'^^^,aclSl with GDH2, 
The strains wer« tiansformed with different plasmids: YEplaclSl and Y^placlQS = ^^"^^J^'^^'f^ with GZ)W/ of Moyc et al. 

YEpGDHl (A) - pCYG4 of Nagasu and Halt (1985) <YEpl3 with GDHJ) and YEpGDHt ^B) - YEptaci V3 wito uun 
(1985) (YEpGDHl -U). 
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OIueo««-«-P cicSPDH 
PGDH 




Fig. 4. Scheme of the proposed model for pgil suppraston by 
high level expressron of NAD-GIuDH. See text further infor- 
mation. 



NADP required for ihe catabolism of glucose 6- phosphate lo 
ribulose 5-phosphaie. NAD can be regenerated from NADH 
by the rcspiratoo' syslem whose function is required for the 
suppression of the p^il deletion defect. Thu.i, over-expres- 
sion of GDH2 creates a cyclic transhydrogenase system 
which oxidizes NADPTi to NADP under generation of 
NADH. 

Additional experimental support of the model 

Determination of metabolites confirmed the assumptions 
(Table 2). After incubation with 0.1% glucose, the levels of 
nearly all glycolytic metabolites. 6-phosphogluconaie, sedo- 
hcptuIose-7-P. gluiamate, 2-oxogluiaratc and ATP were ele- 
vated in a pgil mutant if transformed with 'iXpMSPa. How- 
ever, in most cases ihey were still lower as in the wild- type 



cdl.s. [uteres I ingly. NADP leveh were below the level of 
detection in the pgil dcletitm mutant, while over-expression 
of GDH2 increased the level of NADP lo gbou: half of wild- 
lypc levels. Glucose 6-phosphate concentrations were lower 
in the transformanis but still very high as compared to the 
wild-iypc cells. 

Intemjptioii of the gluiamate dchydn)genase cycle by de- 
leiuig (he CDHJ gene coding for the NADPH GluDH in a 
GDH2 over-cxprcssiiig pgil mutant strain blocked growth 
on a pure glucose medium (Fig. 3) when rcplica-plaied from 
ijermissive synthetic complete medium without leucine and 
with 2% fructose and 0.01% glucose, gdhj deletion mutant 
cells exhibited only slightly reduced growth rales in a wild- 
type background. Growth was also slightly reduced in a pgi] 
mutant background with 2% fructose plus very low amounts 
of glucose (datu not .shown) but the double deletion mutant 
was still more sensitive to low amounts of glucose and inhib- 
ited by gluctise concentrations higher than 0.06% in combi- 
nation with fructose wherca.s the pf>il single deletion mutant 
under the same conditions was only inhibited by glucose con- 
centrations higherihan 0.15^. 

The model propo.ses that over-ex pre.«;si on of CDH2 only 
relieves the inhibitory effects of the glucose and docs not 
restore a conversion of the hexose 6-phosphatcs by other re- 
actions but only provides for a transhydrogenase system. The 
structural gene for glucose 6-phospha(e dehydrogena.sc 
TWFl can be deleted without any obvious metabolic defects 
in glucose caiaboli.sm (Nogae and John.ston, 1990; Thomas 
ct al., 1991). A double deletion mutani pgil/zwfi (strain 
EBY228) was inhibited on a fructose medium by glucose 
concentrations higher than 0.05^.. Furthermore, over-cxpres- 
sion of GDH2 on plasmid YEpMSP3 did not restore growth 
on a pure glucose medium (Fig. 3). 

The URE2 gene product is a negative regulator of GDH2 
transcnption (Drillicn and Lacroute, 1972; Drillien et aK, 



Table 2. Concentrations of metabolites. Cells of strains ENY. WA-IB fwiid-ivne^ and FRVt>5 - ■ t. • 



Mcuiholitc 



Concentration in 

WT (ENY. WA-IB) 
0.1% gluco.<:e 



/^yi7z//YEpMSP3 
0.1% gluco-ie 



pgiU (EBY22) 
0.{% glucose 



Glucose- 6-/* 

Gluconaie-6-/» 

Scdohep ru j I Ke-7- 

Fructose -ft-/* 

Fnicit»se-1.6-^*j 

Triosc-P 

Glyceraic-3-/> 

Glyccrate-2-/' 

Phosphotfnw/pyruvate 

Pyruvate 

2-Oxoglutarate 

Gluiamate 

ATP 

NAD 

NADH 

NADP 

NADPH 



nmol/rag dry mass 

207 

0.16 

0.52 

0.43 

4.99 

a.73 

1.34 

0.18 

0.29 

0.74 

1.43 
74.27 

5.30 

3.69 

3.18 
0 25 
0.70 



SK.fiO 
1.09 
0.39 
; 0.10 
0.81 
0.30 
1.01 
0.33 
0.66 
0.69 
1.28 
31.16 
3.56 
4.96 
4.09 
0.14 
0.98 



76.20 
0.27 

■ 0.10 

■ OlO 
0.25 
0.13 
0.38 
0.21 
0.26 
0.36 
0B3 

21.52 
0.87 
3.91 
3.38 
0.10 
077 
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1973; Cu&chigano and Maga&anik, 1991). In pgil/urel 
double dclelion mulams NAD-GIuDH activity was strongly 
elevated but. at the same time, NADPH-GIuDH autivily was 
reduced to abojt one half of the value of the pgif single 
deletion mutant (Table \). pgiJ/ure2 double deletion mulanls 
could not grow on a pure glucose medium (Fig. 3) but 
increasing the level of the NADPH -dependent GIuDH by 
transformation with plasmid YEpGDHl-U (Table 1) enabled 
the double mutant cells to grow very slowly on 0.1% glucose 
(Fig. 3). On the other hand, a more than tent'old elevated 
NADPH-GIuDH level in the pgiJ single deletion mutant 
EBY22 by transformation with plasmid pCYG4 carrying 
CDHJ (Nagasu and Hall, 19S5) did not at all restore growth 
on pure glucose medium (Table 1, Fig. 3). 

The model suggested that condiiions causing an 
increased oxidation of NADPH win also suppress the phos- 
phoglucose isom erase defect. Oxidizing agents are known to 
reduce the level of NADPH, presumably via the reaction of 
glutathione reductase (Kosower and Kosower. 1969; see No- 
gae and Johnston, 1990). For the experimental generation of 
oxidative stress, HaOa or electron -transferring chemicals, 
such as mciiudione. which transfer electron5 from a cellular 
donor to molecular oxygen (Hassan and Fridovich, 1979) can 
be used (Schnell et al., 1992). Actually, addition of HjO. (not 
shown) or menadione promoted growth of pgiJ mutant cells 
on a pure glucose medium (Fig. 5). Funhcrmore, menadione 
could not promote growth on glucose of a z^fi/pgil double 
deletion strain (Fig. 5). 

DISCUSSION 

Efncicnl recycling of co-subsirates is imponant for meta- 
bolic fluxes. In glycolysis. NAD is the co-substrate in the 
glyceraldehyde- 3 -phosphate dehydrogenase reaction and the 
generated NADH has to be re-oxidized in the alcohol dehy- 
drogenase reaction. A total lack of alcohol dehydrogena.se 
(Ciriacy, 1975) and pyruvate decarboxylase (Schmiit and 
Zinimcrmann. 1982; Hohmann and Ccderberg, 1990) in S. 
ccrevisiae blocks glycolysis. An unexpected result was that 
glycolysis in S. cerevisiae is also blocked in mutants lacking 
ushaIo.se synthase. This was explained by Hohmann et al. 
(1993) who suggested that trehalose synthesis functions as a 
'metabolic buffer system' to recycle the phosphate residues 
rapidly l>ound in glucose 6-phosphate after addition of glu- 
cose back to inorganic phosphate which is needed for the 
glycera!dehyde-3-phosphaic dehydrogena-sc reaction. 

Mutants with reduce*! phosphoghicose isomerase activi- 
ties accumulate hijgh concentrations of glucose 6-phosphatc 
when supplied with glucose ns already noted by Maitra 
(1971) who interpreted the inhibitory effect of glucose as a 
toxicity of glucose 6-phosphalc because a limited amount of 
growth should be possible by the 'direct oxidation' of glu- 
cose 6-pho!;phatc via the pentose phosphate pathway. Our 
duta suggest that it is the rapid con.sumpLlon of NADP and 
an insufiicient rate of regeneration of NaDP from NADPH 
which prevents the 'direct oxidation' from operating. How- 
ever, establishing a lianshydrogenasc system by a massive 
over-expression of the NAD-dependciU glutamate dehydro- 
genase or oxidative stress induced by W-Oi or menadione 
which causes a strong oxidation of NADPH suppress the in- 
ability of phosphoglucose isomerase mutant to grow on glu- 
co.se. Both conditions establish a new example for a meta- 
bolic regeneration system. 

NAD-GluDH serves '6 catabolic function catalyzing the 
NAD-dependent oxidative dcamination of glutamate to 2- 



Fig.S. Restoration of growth ofpgiJ mutant cells by menadione. 

Growih on yeast/peptone ^upplcmcnied with 0.2% glucose of (A) 
wild-)ypc r^T) strain (EhTV. WA-IB) with 5 jil 30% menadione 
(M) as a control; (B) the pgiJ mutant (strain EBY22) with 5 nl 30% 
menadione; (C> the pgil mutant (suain EBY22) with 5 >J HjO. (D) 
the pgil/zwfl double deletion mutant (strain EBY228) with 5 ^ll 
30% menadione. Cells were grown first in yeast/peptoftc/2% fnic- 
(Oic + 0.01% glucose liquid media and plated on to tlie agai plates 
with identical cell densities. The agnr plates were incubated for 
4 days at 28 "C 



oxogluiarate and ammonium ion (reviewed by Magasanik, 
1992). The gene GDfJ2 coding for NAD-GIuDH was cloned 
previously and panially sequenced by Miller and Magasanik 
(1990. 1991). Expression o( GDH2 is subjected to nitrogen 
and carbon regulation (Courchesnc and Magasanik. 1988; 
Coschigano and Maga.sanik, 1991 ; Minchart and Magasanik, 
1991; Co.schigano ct al., 1991). NADPH-GluDH is the key 
enzyme of S. cerevisiae in ihc anabolic conven;ion of ammo- 
nia into an organic form by a reductive amination of 2-oxo- 
glutarate to glutamate using NADPH as the cofactor (re- 
viewed by Cooper, 1 982). The gene GDHl coding for N AI>- 
PH-GluDH had been cloned and sequenced by Moyc cl al. 
(1985) and Nagasu and Hall (1985). NADPH-GluDH levels 
arc high and NAD-GluDH levels arc low when ammonium 
ions are supplied as nitrogen source. 

The low wild-lype level of NAD-GluDH activity was 
also found in a pgil deletion mutant incubated in a fructose/ 
glucose/ammonia medium (Table I). It could be increased 
cither by transformation into the cells of a multi-copy plas- 
mid carrying the GDHl gene or by deletion of the URE2 
gene which codes for a negative regulator of GDHl expres- 
sion (Coschigano and Magasanik, 1991). The nearly 300- 
fold elevated level of NAD-GluDH in the tran.sformants is 
probably due to a deregulation of the gene if present on a 
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muld-copy plasniid and an elevated copy number of ihe plas- 
mid due lo selective pressure for very high NAD-GIuDH 
activities. In both cases, growth could only be restored in the 
presence of sufficient NADPH-CIuDH activity. The alterna- 
tive pathway for the net biosynthesis of glutamate from 2- 
oxoglutarate by gluiamine .s>Tiihetase and glutamate synthase 
cannot subsiiluie NADPH-GJuDH for providing NADP be- 
cause the glutamate synthase of S. cerevixiae uses NADH as 
its cofactor (Roon ei al.. 1974). These facts clearly demon- 
strate the necessity of a substrate cycling between the two 
glutamate dehydrogenases. NADPH-GluDH is primary re- 
sponsible for the replenishment of the NADP pool. NAD- 
GJuDH serves only an indirect function of further metaboliz- 
ing the glutamate which has been generated by NADPH- 
GluDH. On the other hand, increasing the level of NADPH- 
GkiDH in a p^il single deletion mutant did not at all restore 
growth on glucose (Fig. 3). This can be explained by two 
considerations. First, a high level of NADPH-GluDH re- 
moves 2-oxoglutaralft which is needed as a substrate for oxi- 
dative respir^lion from the citric acid cycle. Growth on pure 
glucose medium of pgil trans formanLs over-expressing 
NAD-GluDir was inhibited by amimyciu A indicating that 
respiration is neces.sary for growth. Second, glutamate accu- 
mulates because it cannot be nuitabolizcd fast enough by 
other reactions and the reversible NADPH-GIuDH reaction 
will reach a steady-state equilibrium 

Furthermore, KADPH-GkiDH and NAD-GluDH are both 
cyiosolic enzymes (Hollcnberg et al., 1970; Perlman and 
Mahler. 1970). For this reason no NADP shuttle is needed 
for the metabolic Interplay between the pentose phosphate 
pathway and the glutamate dehydrogenase cycle. 

A pgil deletion mutant is inhibited by glucose concentra- 
tions higher than 0.15% on a 2% iruclose medium. This type 
of glucose sensitivitj could also be overcome by pj^il trans- 
formants over-expressing GDH2. On the othc/hand, pgi}/ 
Twfl and to a le.wer extent pgil/gdhi double deletion mutants 
were even more sensitive to trace amounts of glucose added 
together with the fructose than pgi} single mutants. There- 
fore, NADP depletion cannot be the true reason for glucose 
sen.sitivity. Our data cannot unequivocally decide whether ac- 
cumulation of toxic concentration? of glucose 6-pho.sphate 
(Maitra, 1 971) or depletion (if ATP (Ciriacy and Breitenbach. 
1979) is the reason for glucose sensitivity but it is interesting 
to note that pfjij mutants ovcr-cxpre.ssing GDH2 could grow 
on glucose with doubling limes only about three limes higher 
than wild-rype cells although glucose 6-phosphatc was pre- 
sent at very high levels (Table 2). AIj^o, the strong accumula- 
tion of hexose phosphates generated in the glycolytic and the 
pentose phosphate pathways and the depletion of ATP and 
not a depletion of NADP .seem to be the reason for the 
growth deficiencies on glucose of glycolysis mutants which 
are blocked in the reactions of phosphofructokin<i.«>e, fructose 
bisphosphate aldola.se or iricsephosphate isomerasc becau«:e 
in those mutants growth could not be restored by high-level 
expression of CDH2. 

PhosphogJucosc-isomera.se-negative mutants of E. colt 
(Fraenkel and Levisohn, 1967) and of K. lactis (Goffrini ei 
al.. 1991) are able to grow on glucose medium, although ai 
a reduced rale. Apparently, they utilize glucose primarily by 
the pentose phosphate pathway. Csonka and Fraenkel (1977) 
ob.scrvcd that £. coli mutants lacking both phosphoglucose 
iM>mera.se and the membrane ATPase could no longer grow 
on glucose. They .suggested that in a phosphoglucose iso- 
mcrase mutant the energy- linked iranshydrogenasc might be 
used in NADPH oxidation. Lagunas and Gancedo (1973) 
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supposed that a significant transhydrogcnation between pyri- 
dine nucleotides Ls not likely to occur in S. cerevisiae grow- 
ing on glucose. This fact could explain the different proper- 
ties of phosphoglucose isomerasc mutants of different spe- 
cies. 

Wc thanr: H. Zalkin and B. D. Hall fur kind provision of the 
GDHJ genes, Y. Surdin-Kcrjan for provision of ihc iv// dele- 
ion plasmid aiid K.-D. Ejitian for provision of the yensi strains 
ENY. WA-IA and ENY. WA-1B. Tl)e work in our laboratory was 
panly suppo.-tcd by the Deutsche Far^chimssgemeinxrhuft. 
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